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Abstract
A key question in archaeobotany concerns the role of herbivore dung in contributing plant remains to archaeobotanical 
assemblages. This issue has been discussed for at least 40 years and has motivated several archaeobotanical studies on iden-
tifying dung-derived deposition of plant remains. Meanwhile, microarchaeological methods have developed and continue 
to be developed for detecting dung in archaeological sediments, and multi-proxy methodologies are being used to study the 
botanical components of dung-associated sediments. Combining these approaches, the authors recently led a study incorpo-
rating different botanical proxies (seeds, pollen, phytoliths) with geoarchaeological sedimentary analysis to compare dung 
pellets and associated sediments. This approach presents a new way to gauge the contribution of dung-derived plant remains 
in archaeobotanical assemblages, which is further explored in this follow-up paper. The present paper further highlights how 
multi-proxy archaeobotanical investigation of individual dung pellets can provide information on seasonality, grazing range 
and herding practices. Their short production and deposition time make herbivore dung pellets time capsules of agropasto-
ral activity, a useful spatio-temporal unit of analysis, and even a type of archaeological context in their own right. Adding 
different biomolecular and chemical methods to future multi-proxy archaeobotanical investigation of herbivore dung will 
produce invaluable high-resolution reconstructions of dung microbiomes. Ultimately, unpacking the contents of ancient dung 
pellets will inform on the species, physical characteristics, diet, niche, and disease agents of the ancient pellets’ producers. 
Expanded datasets of such dung-derived information will contribute significantly to the study of ecosystem transformation 
as well as the long-term development of agriculture and pastoralism.
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Introduction
Considering the centrality of livestock to agricultural and 
pastoral societies, there is still much to learn from the 
archaeology of herbivore dung, studied intensively now for 
decades. Dung is presumed to have been collected by the 
earliest hunter-gatherers and its use by humans for fuel has 
been hypothesized as a driving factor in prehistoric migra-
tions and domestication processes (Rhode et al. 2003, 2007; 
Spengler and Mueller 2019). As a byproduct of livestock 
rearing, dung was used for building material, fertilizer and 
fuel in ancient and traditional societies, and is relatively 
common in archaeological assemblages. Hence, herbivore 
dung is a valuable archaeological artifact/ecofact that can 
provide information on ancient daily life, economy and ecol-
ogy at a site and its vicinity (e.g. Miller 1984a; Shahack-
Gross 2011). Grounded in the authors’ recent contribution 
to this topic (Dunseth et al. 2019), the following paper traces 
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trajectories and future directions of herbivore dung research 
in archaeology as it relates specifically to vegetation history 
and archaeobotany.
Archaeological herbivore dung has been studied in dif-
ferent ways and with various research goals in mind. In the 
field of archaeobotany, a key question concerns the role 
of herbivore dung in contributing seeds to archaeobotani-
cal assemblages. This has yielded decades of discussion 
(partially summarized in Allen 2019; Spengler 2019; and 
below). Multi-proxy methodologies are now being used to 
study the botanical components of dung-associated sedi-
ments (e.g. Baeten et al. 2018; Smith et al. 2019; Rotunno 
et al. 2019). The present authors recently led a study com-
bining botanical proxies (seeds, pollen, phytoliths) with geo-
archaeological methods to compare the botanical contents of 
dung pellets and associated sediments (Dunseth et al. 2019). 
This approach suggests a new way to gauge the contribution 
of dung-derived plant remains to archaeobotanical assem-
blages, and move beyond this long-standing issue. As has 
long been the case with human coprolites (see recent review, 
Shillito et al. 2020), archaeological herbivore dung pellets 
are increasingly being studied for the information contained 
within them. Hence, while also motivated by the question 
of dung-derived plant remains, our study on dung pellets 
in the ancient rubbish dumps of Shivta in Israel’s Negev 
desert (Dunseth et al. 2019) went beyond that debate by 
demonstrating the potential of ancient dung pellets as time 
capsules of agropastoral activity. We found that individual 
dung pellets can provide important information on seasonal-
ity, grazing range, herding practices, and potentially much 
more. Their short production and deposition time make her-
bivore dung pellets a useful spatio-temporal unit of analysis, 
and even a type of archaeological context in their own right.
These insights were confirmed and enhanced at the 2019 
International Work Group for Palaeoethnobotany (IWGP) 
meeting in Lecce, Italy, where we presented our finds from 
the Shivta pellets. Intact archaeological herbivore dung pel-
lets are even more common than the literature suggests, and 
a synopsis of their potential would be useful for archaeolo-
gists, archaeological scientists, and researchers in associated 
disciplines. This paper surveys the research on archaeologi-
cal herbivore dung, with an emphasis on insights from our 
own recent study and directions for future research. Our 
focus is on the retrieval of information related to vegetation 
history and archaeobotany from herbivore dung. For non-
specialists, we address the question of how archaeologists 
can make the most of dung pellet finds.
Herbivore dung research in archaeobotany: 
a brief review
The question of dung as a source of plant remains in archae-
ological assemblages has been studied for at least 40 years. 
In her early work in Iran, Naomi Miller raised the possibil-
ity of dung-derived plant remains as a major contributor to 
archaeological assemblages. This was based on ethnographic 
observations of dung cakes used as fuel, and corroborat-
ing archaeobotanical finds (Miller 1977, 1981, 1982, 1983, 
1984a, b; also Bottema 1984). Hence, the ratios of dung 
and/or seeds to charcoal in archaeological assemblages may 
be an indicator for the centrality of dung as a fuel source 
and, in certain contexts, a sign of deforestation (Miller 
1988; Miller and Marston 2012; Allen 2019). These studies 
raised awareness on the importance of herbivore dung and 
dung cake preparation for ethnoarchaeological models of 
crop production, processing, and taphonomy (Dennell 1972, 
1974; Hillman 1973, 1981, 1984; more recently, Wallace 
and Charles 2013; Fuller et al. 2014; Hansen et al. 2017). 
Miller (1984b) also noted the difficulty of distinguishing 
between “grain incorporated in dung and grain attached 
to straw which is used in the manufacture of dung cakes”, 
and of generally distinguishing between the use of cereal 
grains for food and fodder in archaeological contexts. Mean-
while, Miller and Smart (1984) suggested four conditions 
in which dung should be considered a possible source of 
plant remains: (1) scarcity of wood in the site environment; 
(2) presence of suitable dung-producing animals; (3) pres-
ence of burned dung fragments or seeds likely to reflect 
animal consumption rather than human processing; and 
(4) archaeological contexts identified as hearths or hearth 
waste. Focusing on how to recognize dung-derived plant 
remains, Charles (1998) noted that conditions (1) and (2) 
above explain why dung might be used as fuel, rather than 
identifying assemblages as such. In addition, “seeds likely 
to reflect animal consumption” in condition (3) may involve 
(faulty) retrospective reasoning on what constituted animal 
fodder. Finally, recovery of dung and plant remains in hearth 
contexts (condition 4) confirms the burning of fuel but does 
not confirm that the plant remains were deposited via dung. 
Charles (1998) proposed that archaeobotanical indicators for 
dung-derived plant remains in archaeological assemblages 
should include: (i) divergence between crop harvest seasons 
on one hand and on the other hand, wild species’ fruiting 
season and seasonal palatability; (ii) significant presence of 
plant species not associated with crop processing; and (iii) 
a high ratio of chaff to grain seeds.
Meanwhile, debate on dung as a source of plant remains 
acquired a larger audience beyond the archaeobotany com-
munity with Miller’s (1996) article in Current Anthropol-
ogy. Miller challenged interpretations of certain prehistoric 
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archaeobotanical assemblages (Ali Kosh and Abu Hureyra) 
as representing human diet, suggesting that they may well 
have derived from herbivore dung used as a fuel source. 
This was forcefully countered by Hillman et al. (1997) with 
a rebuttal from Miller (1997), but the problem of empiri-
cally distinguishing human and animal consumption in the 
archaeobotanical record remained. The first volume of the 
Journal of Environmental Archaeology (1998) was devoted 
to the archaeology of animal fodder, whereas the first issue 
of that same journal’s 2013 volume was devoted to the 
bioarchaeology of animal dung. Adopting a macrocosmic 
archaeobotanical approach, Fuller et al. (2014) argue that 
plant-food processing, rather than dung, is the main source 
of plant remains in archaeobotanical assemblages generally. 
Fuller et al. (2014, p. 189) nonetheless advise site-specific 
analysis of “the relative amount of noise added by dung 
burning” in the style of Charles (1998) or through a multi-
proxy approach, e.g. by combining phytolith and macro-
botanical analyses.
Recent macroremains research on the taphonomy and 
identification of dung-derived archaeobotanical assem-
blages includes several experimental studies focused on the 
survivability of macroscopic plant parts in the sheep/goat 
gut (Valamoti and Charles 2005; Spengler et al. 2013; Vala-
moti 2013; Wallace and Charles 2013). Indicators of dung-
derived archaeobotanical assemblages based on these stud-
ies and not explicitly discussed earlier by Miller and Smart 
(1984) nor Charles (1998) include: (a) relative absence (or 
serious deforming) of cereal grains; (b) glume bases that are 
vertically split or roughened at the surface; (c) a high degree 
of fragmentation and unidentifiable non-wood fragments; 
and (d) plant species from ecotopes favored by livestock. 
One bias in these studies has been a focus on sheep/goat 
dung. Survivability of seeds and other plant parts differs 
among herbivore species whose dung is used for fuel, which 
range worldwide from Andean camelids (Winterhalder et al. 
1974) to Mongolian yaks (Rhode et al. 2007). Even among 
the herbivore domesticates of southwest Asia, significant 
differences abound between the diet and digestion, and 
therefore survivability, of plant matter in bovine, ovicaprine, 
equine, and camelid gastrointestinal systems (Anderson and 
Ertug-Yaras 1998; Hastorf and Wright 1998; Tsartsidou 
et al. 2008). However, since these animals are often kept at 
the same site, and their dung may be combined in fuel use, 
many ethnoarchaeological studies make no species-specific 
distinction (Gur-Arieh et al. 2013; Spengler et al. 2013; Por-
tillo et al. 2017).
Pollen analyses of sheep/goat dung preserved by water-
logging (Akeret et al. 1999; Kühn et al. 2013 and references 
therein) and desiccation (Spaulding 1974; Babenko et al. 
2007; Marinova et al. 2013; Ben-Yosef et al. 2017) were per-
formed prior to, and irrespective of, the Near Eastern dung 
fuel debate. This is understandable considering that pollen 
is unlikely to be preserved in dung that has been burned 
for fuel. Interestingly, at least one study of pollen and mac-
roremains in dung pellets and associated sediments seems 
to show that dung contributed only a subset of the plant 
taxa identified in the sediments, but this was not specifically 
addressed by the author (Karg 1998).
Finally, different combinations of micromorphological, 
palynological, phytolith, macroremain and other proxies 
are being used to study the botanical components of dung-
associated sediments (e.g. di Lernia 2001; Shahack-Gross 
et al. 2003, 2014; Shahack-Gross and Finkelstein 2008; Del-
hon et al. 2008; Savinetsky et al. 2012; Kühn et al. 2013; 
Baeten et al. 2018; Smith et al. 2019; Portillo et al. 2019). A 
few studies have examined botanical contents of individual 
dung pellets (Karg 1998; Rotunno et al. 2019; Dalton and 
Ryan 2020). As far as we are aware, prior to Dunseth et al. 
(2019) no previous study compared plant remains from dung 
pellets with plant remains from associated archaeological 
sediments.
The impact of geoarchaeological 
identification of archaeological dung
Geoarchaeological methods for identifying and character-
izing archaeological contexts are well-developed, and need 
little introduction here (e.g. Matthews 2010; Weiner 2010; 
Mentzer 2014; Nicosia and Stoops 2017; Karkanas and 
Goldberg 2019). Among these, methods for differentiating 
archaeological ash, dung, and dung-derived sediments have 
been reviewed most thoroughly by Shahack-Gross (2011), 
and thus will only be briefly discussed here. Much work has 
been done on identifying dung remains through chemical 
analyses, including phosphate and potassium enrichments/
depletions, and nitrogen and carbon isotopes (see Shahack-
Gross 2011; Spengler 2019). However, such chemical indi-
cators are often limited proxies, due to preservation issues 
including the potential for other organic/inorganic inputs 
and post-depositional diagenesis (e.g. presence of bone or 
decayed organic matter) (Evershed et al. 1997; Shahack-
Gross 2011). Additional proxies for detecting dung include 
urine salts (Abell et al. 2019), dung-related fauna and intes-
tinal parasites (Schelvis 1992; Buckland and Buckland 2019; 
Camacho et al. 2020), coprophilous fungi (Perrotti and van 
Asperen 2019), lipid biomarkers (Evershed et al. 1997; Bull 
et al. 1999, 2002; Shillito et al. 2011) and the combination of 
phytolith and chemical signatures (Lancelotti and Madella 
2012). Phytolith concentrations and/or morphologies have 
also been used to identify dung remains, although this has 
methodological issues (Shahack-Gross et al. 2005).
Geo-ethnoarchaeological studies, especially micromor-
phological investigations since the 1980s, have helped 
to define a variety of animal dung-related archaeological 
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deposits including characterization of pellets of a variety of 
herbivores (Brönnimann et al. 2017), dung fuel (Gur-Arieh 
et al. 2013; Portillo et al. 2017, 2020), and stabling enclo-
sures (Wattez et al. 1990; Macphail et al. 1997; Shahack-
Gross et al. 2003; Milek 2012; Shahack-Gross 2017). Many 
of these studies focused on dung (faecal) spherulites, direct 
indicators of animal dung in archaeological sediments. First 
identified by Brochier (1983), dung spherulites are micro-
scopic remains (5–25 μm) made up of radially-oriented acic-
ular crystallites, which display low-order interference col-
ours with a distinctive extinction cross under cross-polarized 
light (Canti and Brochier 2017a). They are known to form 
in the small intestines of a number of animal species, most 
abundantly in ruminants (Canti 1997, 1998, 1999; Goren 
1999; Korstange 2005; see summary and Table 1 in Gur-
Arieh and Shahack-Gross 2020). While their exact forma-
tion mechanism is unclear, in archaeological sediments they 
appear to be composed of highly-disordered calcite (Dunseth 
and Shahack-Gross 2018).
Dung spherulites tend to be best-preserved in caves and 
rockshelters (e.g. Brochier et al. 1992; Macphail et al. 1997; 
Polo-Díaz et al. 2016), rapidly buried sediments (Shahack-
Gross et al. 2014; Butler et al. 2020), or (semi-) arid envi-
ronments (e.g. Matthews et al. 1996; Shahack-Gross et al. 
2005; Shahack-Gross and Finkelstein 2008; Portillo et al. 
2014; Dunseth et al. 2018; Dalton and Ryan 2020; compare 
to tropical environments, e.g. Gur-Arieh et al. 2019a). How-
ever, they are prone to dissolution in acidic and even neutral 
environments due to their chemical composition and large 
surface-area to volume ratios (Brochier et al. 1992; Canti 
1999; Gur-Arieh et al. 2014). In addition, dung spherulites 
begin to decompose when exposed to temperatures between 
300 and 400 °C (Canti and Nicosia 2018) and are completely 
destroyed by 650–700 °C (Shahack-Gross 2011; Gur-Arieh 
et al. 2019b). Thus, their absence in archaeological sedi-
ments does not necessarily indicate the absence of dung or 
dung-derived material.
Differentiation between wood and dung ash, or mixtures 
of the two, can often be determined via geoarchaeological 
methods. Easily distinguishable microremains indicative of 
wood ash are calcitic pseudomorphs after calcium oxalate 
crystals, known as ash pseudomorphs (Gur-Arieh and Sha-
hack-Gross 2020). Calcium oxalates form in various plant 
tissues of many dicotyledonous as well as a few monocoty-
ledonous species (Franceschi and Horner 1980). Production 
is governed by environmental conditions (Franceschi and 
Nakata 2005). Typical crystal shapes in dicots include dru-
zes, rhombs, raphides, styloids and prisms, usually between 
10 and 50 μm (Franceschi and Horner 1980; Canti 2003; 
Canti and Brochier 2017b; Gur-Arieh and Shahack-Gross 
2020). Exposure of these calcium oxalate crystals to tem-
peratures above 450 °C transforms them into calcitic (ash) 
pseudomorphs. Utilizing ethnoarchaeological data from 
Uzbekistan, Gur-Arieh et al. (2013) developed the Pseudo-
morph to Spherulite Ratio (PSR), which has been used by 
a number of researchers to differentiate between wood and 
dung fuels from archaeological hearths and ash contexts 
(Gur-Arieh et al. 2014; Dunseth et al. 2016, 2018; Eliyahu-
Behar et al. 2017; Butler et al. 2020). In some ways this is 
analogous to Miller’s (1982, 1988) original seed:charcoal 
ratios used to identify dung assemblages, although it is a 
more direct approach. It must be noted, however, that PSR is 
formulated in a way that makes it sensitive to the presence of 
dung spherulites, and assumes wood fuels that produce high 
concentrations of ash pseudomorphs, which is not univer-
sal (see below). Application of the above geoarchaeological 
methods at Shivta allowed characterization of the archaeo-
logical deposits, their formation processes (Dunseth et al. 




Early Islamic (Umayyad, ca. 650–750 ce) rubbish mid-
dens from Shivta in Israel’s Negev desert, excavated in 
2016, met all four conditions proposed by Miller and Smart 
(1984) for possible dung-related plant remains: (1) Shivta 
is located in the arid Negev desert (WSG84: 34.6307 °E, 
30.8810 °N;   < 100 mm mean annual precipitation) where 
the few trees growing are confined to wadi beds; (2) archae-
ozoological evidence suggests a high proportion of sheep/
goats (Marom et al. 2019); (3) sheep/goat dung pellets were 
evident during excavation (Fig. 1) and the archaeobotani-
cal assemblage included seeds of wild plants not associated 
with cultivated landscapes (Table 1); and (4) these rapid-
deposition middens were apparently produced by dumping 
of domestic hearth waste. In addition, initial mineralogy and 
microremains concentrations (especially PSR) suggested 
dung-derived sediments (Table 2). However, the ubiquity of 
well-preserved cereal grains as well as a variety of delicate 
plant parts (ESM Table 1) suggested that the archaeobotani-
cal assemblage on the whole was not directly dung-derived.
These observations presented an ideal opportunity to 
test the possibility of dung-derived plant remains, through a 
multi-proxy comparison of archaeological dung pellet con-
tents and those of associated midden sediments. We won-
dered, how do the plant remains within dung pellets com-
pare with those of the rest of the middens? What can plant 
remains in dung pellets tell us about their creators’ diets and 
grazing practices? Finally, how do different archaeobotani-
cal proxies complement one another in the study of dung?
To use dung pellets as time capsules for ancient 
agropastoralism, it is crucial to work with secure contexts 
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Table 1  Species and synanthropy by context
Species* Synanthropic level Modern 
pellets




Hordeum vulgare ssp. hexastichum Cultivated · · · ✓ ✓
Triticum aestivum s.l Cultivated · · · ✓ ✓
Triticum turgidum s.l Cultivated · · · ✓ ✓
Vicia ervilia Cultivated · · · ✓ ✓
Lens culinaris Cultivated · · · ✓ ✓
Trigonella foenum-graecum/berythea** Cultivated · · · ✓ ·
Ficus carica Cultivated · · · ✓ ·
Phoenix dactylifera Cultivated · · · ✓ ✓
Punica granatum Cultivated · · · ✓ ·
Vitis vinifera Cultivated · · · ✓ ✓
Chenopodium murale Obligate synanthropic ✓ · · ✓ ·
Lolium temulentum Obligate synanthropic · · · · ✓
Malva parviflora/oxyloba Mostly synanthropic · · · ✓ ✓
Phalaris paradoxa Mostly synanthropic · · · ✓ ✓
Spergula fallax Mostly synanthropic · · · ✓ ·
Brachypodium distachyon Equally synanthropic & natural · · · ✓ ✓
Cynodon dactylon Equally synanthropic & natural ✓ ✓ ✓ ✓ ✓
Glebionis coronaria Equally synanthropic & natural · · · ✓ ·
Hordeum glaucum Equally synanthropic & natural · · · · ✓
Lolium rigidum Equally synanthropic & natural · · · · ✓
Anagallis arvensis Mostly natural · ✓ · ✓ ✓
Andrachne telephioides Mostly natural · · · ✓ ·
Anthemis pseudocotula Mostly natural ✓ · · · ✓
Astragalus callichrous Mostly natural ✓ · · · ·
Avena barbata Mostly natural · · · · ✓
Avena sterilis Mostly natural · · · ✓ ✓
Caylusea hexagyna Mostly natural · · · ✓ ✓
Centaurea pallescens Mostly natural ✓ · · · ·
Echium angustifolium Mostly natural · · · · ✓
Emex spinosa Mostly natural · · · ✓ ✓
Erucaria microcarpa Mostly natural · · · · ✓
Fumaria parviflora/densiflora Mostly natural · · · ✓ ✓
Galium aparine Mostly natural · · · ✓ ·
Mesembryanthemum nodiflorum Mostly natural · · · · ✓
Neslia apiculata Mostly natural · · · ✓ ·
Phalaris minor Mostly natural · · · ✓ ✓
Pulicaria incisa Mostly natural · ✓ · · ·
Silene colorata/decipiens Mostly natural · · · ✓ ✓
Trigonella arabica Mostly natural · · · · ✓
Vaccaria hispanica Mostly natural · · · · ✓
Vicia sativa Mostly natural · · · · ✓
Adonis dentata Obligate natural · · · ✓ ✓
Aizoon hispanicum Obligate natural ✓ ✓ · ✓ ✓
Arnebia decumbens Obligate natural · · · ✓ ✓
Astragalus tribuloides/asterias Obligate natural ✓ · · · ·
Bassia muricata Obligate natural · · · ✓ ·
Buglossoides tenuiflora Obligate natural · · · · ✓
Cutandia memphitica/dichotoma Obligate natural · · · · ✓
Gypsophila capillaris Obligate natural · · · ✓ ·
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and chronologies, precluding later intrusions. The location 
of the Umayyad Shivta middens in abandoned houses, the 
inclusion of mixed cultural material, faunal and macrobot-
antical remains, and both charred and uncharred pellets, 
broadly indicated secondary deposition in the contexts 
studied, which was confirmed through geoarchaeological 
analysis (Dunseth et al. 2019; and for more details, Butler 
et al. 2020). However, all studied archaeological pellets 
derived from securely dated midden contexts with almost 
no evidence for macroscopic bioturbation. The middens 
contained datable artifacts including pottery, coins, and 
glass (Tepper et al. 2018; Fuks et al. 2020), complemented 
by radiocarbon dates. For the dung pellet study, one pellet 
from each context was subdivided, half for pollen analysis 
and half for radiocarbon dating (Dunseth et al. 2019).
Over 50 pellets were individually analysed by the col-
laborating laboratories, as well as seven sediment samples 
from corresponding contexts. The two main archaeological 
assemblages came from grey ashy sediment deposits with no 
internal layering from two Umayyad-period midden contexts 
accumulated in Byzantine domestic quarters, Areas K and E. 
Samples included charred and uncharred archaeological pel-
lets, corresponding sediments from the same loci from which 
the pellets were taken (with focus on Locus 162, Area K1, 
and Locus 501, Area E), and modern reference dung pellets 
left nearby by flocks (for more details on methodology, see 
Dunseth et al. 2019).
To compare botanical contents of the dung pellets with 
those of the middens, we used geoarchaeological techniques 
of Fourier transform infrared spectroscopy (FTIR, see 
Weiner 2010) and microremains analysis to characterize the 
pellets and sediments, and then compared their respective 
archaeobotanical proxies: pollen, phytoliths and seeds. As 
Table 1  (continued)
Species* Synanthropic level Modern 
pellets




Malva aegyptia Obligate natural · ✓ · · ·
Medicago astroites Obligate natural · · · ✓ ✓
Melilotus sulcatus Obligate natural · · · ✓ ·
Plantago chamaepsyllium/notata Obligate natural · · · ✓ ✓
Plantago ovata Obligate natural ✓ · · ✓ ·
Retama raetam Obligate natural ✓ · · · ·
Schismus arabicus/barbatus Obligate natural ✓ · · · ·
Scorpiurus muricatus Obligate natural ✓ · · · ✓
Stipa capensis Obligate natural ✓ · · · ·
Tamarix aphylla*** Obligate natural · · · ✓ ✓
cf. Trifolium campestre Obligate natural · ✓ · ✓ ·
cf. Trifolium tomentosum Obligate natural ✓ · · · ·
Thymelaea hirsuta Obligate natural · · · ✓ ✓
Total 13 6 1 39 39
*Species names follow Danin and Fragman-Sapir (2020+), accessible at https ://flora .org.il
**Although T. berythea is a wild species, it does not grow wild in the Negev; therefore we consider the T. foenum-graecum/berythea find to be 
cultivated
***We previously reported on an additional Tamarisk species (T. nilotica s.l.) from Early Islamic Shivta (Dunseth et al. 2019) but these non-
segmented Tamarisk leaves lacking the characteristic salt glands of T. aphylla turned out to be remains of T. aphylla inflorescences rather than T. 
nilotica s.l. stems with leaves
Fig. 1  An archaeological dung pellet retrieved from an Early 
Islamic midden in Shivta (Area K1, Locus 165, Basket 1673); scale 
bar = 2 mm
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far as we are aware, the application of all these techniques 
had never been used before to compare dung pellets with 
accompanying archaeological sediments.
Comparing dung pellet and sediment botanical 
composition: similarities and differences
Geoarchaeological characterization of the archaeological 
dung pellets and sediments showed clear differences in min-
eralogy, loss on ignition and microremains concentrations. 
Microremains concentrations—most clearly dung spheru-
lites, but also phytolith and ash pseudomorph concentra-
tions—of intact pellets compared with associated archae-
ological sediments suggested a conservative maximum 
of ~ 10–30% dung-derived component in the refuse deposits 
at Shivta (Table 2; Dunseth et al. 2019; Butler et al. 2020). 
PSR values were < 0.05 in all sediment samples, which ini-
tially suggested all archaeological sediments in our study 
were dung-dominated (values < 1, cf. Gur-Arieh et al. 2013, 
2014). However, the dung pellets (except those from Locus 
162) presented values an order of magnitude lower than the 
sediments, indicating a significant addition of wood ash in 
the archaeological sediments.
PSR was developed to explore hearths and fire features, 
and thus its efficacy in exploring other archaeological con-
texts needs to be evaluated. We suggest that PSR should also 
be calibrated to the local flora if possible. Ideally, such cali-
brations would focus on plant species for which the period-
specific and site-specific archaeological wood charcoal 
record indicates common use as fuel (for changing wood 
use in the Byzantine–Early Islamic periods in the Negev, 
see Langgut et al. 2020). In the Negev, ash pseudomorphs 
with distinct morphologies are known from experimental 
ashing of several wild and cultivated (e.g. grape) plants (ZD 
personal observations), but not others (e.g. olive, Shahack-
Gross and Ayalon 2013). However, absolute production 
and concentrations of ash pseudomorphs in archaeological/
experimental ash of Negev plant fuels is relatively unex-
plored and should be an important avenue for research aimed 
at improving the use of PSR in arid regions.
Turning to the macroscopic plant remains, similar con-
clusions regarding dung-derivation were evident (Table 1). 
The following results and discussion will focus on these, in 
light of the seed-based indicators for dung offered by Charles 
(1998), and suggested by experimental taphonomy studies 
on the survivability of macroscopic plant parts in the sheep/
goat gut (Valamoti and Charles 2005; Spengler et al. 2013; 
Valamoti 2013; Wallace and Charles 2013).
Among the macroscopic archaeological plant assem-
blages, there were three main similarities between the dung 
pellets and the middens: (1) preservation by charring; (2) 
local phytogeographic distribution; and (3) a strong seasonal 
convergence.
(1) Preservation Macroremains surviving in the archaeo-
logical sediment samples were overwhelmingly pre-
served by charring. Among archaeological dung pellets, 
macroremains were only preserved in charred pellets. 
This suggests that the uncharred dung pellets were not 
truly desiccated; they weighed less, their macroscopic 
Table 2  Comparison between mineralogy, phytoliths, calcitic microremains, and pollen concentrations in dung pellets and associated sediments
Results given as averages with standard deviations per gram of ashed (500 °C) sediment or dung in the case of phytoliths and calcitic microre-
mains, and ranges for pollen. Data from Dunseth et al. (2019) and unpublished data
Ca calcite, Cl clay (altered/unaltered), Org organics, SN sodium nitrate (nitratite), Ap carbonated hydroxylapatite, Ar aragonite, O opal, Q quartz, 
G gypsum, An anhydrite













Dung pellets Ca Cl (ua) Org SN O Q 84 ± 1 71 ± 27 667 ± 73 1.5 ± 0.3 0.002 ± 0.001 0.3
Sediment Ca Cl (ua) Org Q 7 ± 3  0 0.07 ± 0.03  0  n.a. 0.0006
Archaeological samples
 L. 951 Dung pellets Ca Cl (ua) Org SN O Q 59 ± 6 13 ± 15 295 ± 6 0.3 ± 0.1 0.009 ± 0.001 2.6–15.3
Sediment Ca Cl (ua) SN Q G 7 0.2 2 0.1 0.050 n.d
 L. 162 Dung pellets Ca Cl (a) Org SN Ap O Q 55 ± 18 44 ± 30 138 ± 100 6.9 ± 8.8 0.100 ± 0.136 0
Sediment Ca Cl (a) SN Ap Ar O Q 11 10 38 0.8 0.021 0.001
 L. 505 Dung pellets Ca Cl (ua) Org SN Ap O Q 37 ± 12 19 ± 25 121 ± 40 0.7 ± 0.5 0.005 ± 0.002 0.04–1.8
Sediment Ca Cl (ua) SN Q 15 2 23 1 0.043 n.d
 L. 501 Dung pellets Ca Cl (ua) Org SN Ap O Q G 41 ± 4 13 ± 10 280 ± 76 0.4 ± 0.3 0.002 ± 0.001 0.3–1.1
Sediment Ca Cl (a) O Ar Q An 12 9 33 0.9 0.027 n.d
144 Vegetation History and Archaeobotany (2021) 30:137–153
1 3
contents appeared totally degraded and were pervaded 
by an unidentified white mould. The only uncharred 
seeds came from the modern dung pellets, which were 
richer than the charred archaeological pellets. The phy-
tolith assemblage showed similar preservation equally 
across the charred and uncharred pellets and sediments 
from the same contexts. Meanwhile, pollen was pre-
served only in uncharred (modern and archaeological) 
pellets and unheated sediments, precluding the possi-
bility of studying individual pellets by all three proxies 
simultaneously.
(2) Phytogeographic distribution All identified wild plant 
species from both dung and sediment samples grow 
today in the Negev, indicating local livestock grazing. 
Moreover, the combination of the three species, Tam-
arix aphylla (L.) H. Karst, Melilotus sulcatus Desf., 
and Medicago astroites (Fisch. & C. A. Mey.) Trautv., 
found in one of the sediment samples is unique to the 
vegetation of the Negev Highland phytogeographic 
zone (Danin and Fragman-Sapir 2020+).
(3) Seasonality Both the sediment samples and the dung 
pellets showed a strong seasonal convergence. Spring 
is the flowering season of all annual species in both 
assemblages. Flowering times for all plant specimens 
identified to species overlap in March–April, indicating 
assemblages produced in April–June. This convergence 
was evident even in individual pellets.
Alongside these similarities, there are some important 
differences in plant remain variety between the dung pel-
lets and sediment samples (Table 3) as regards (1) species 
richness, (2) synanthropy and (3) plant part types preserved:
(1) Richness Each three-litre archaeological sediment sam-
ple contained thousands of macroscopic plant parts, 
hundreds of which were identifiable and countable, rep-
resenting about 50 taxa each (Table 1, ESM Table 1). 
The archaeological pellets yielded seeds of only half a 
dozen taxa. Moreover, the overall preservation of plant 
remains is much better in the sediment samples than 
in the dung pellets. These would not count as differ-
ences in and of themselves since each individual pellet 
is equivalent to only a few ml of sediment. However, 
when considered together with the qualitative differ-
ences between the dung pellets’ botanical contents and 
those of the sediments, it becomes clear that there are 
real species-richness differences. For instance, in the 
pellets, only low-lying annuals and semi-shrubs were 
represented, except for one Retama raetam (Forssk.) 
Webb seed from a modern pellet, whereas trees and 
shrubs were represented in the sediments. Additional 
qualitative differences include synanthropy and the 
variety of plant parts.
(2) Synanthropy In the dung pellets, only wild species 
were identified, whereas in the corresponding sedi-
ments domestic and weed species dominate (Table 1, 
Fig. 2, ESM Tables 2 and 3). Significantly, the phyto-
lith finds indicated foddering with cereal chaff, which 
was not picked up by pollen or seed analysis. How-
ever, based on previous experimental studies (Valamoti 
and Charles 2005; Spengler et al. 2013; Wallace and 
Charles 2013), it is clear that the numerous well-pre-
served charred cereal grains and rachis fragments from 
the sediments did not derive directly from sheep/goat 
dung.
(3) Plant parts In the dung pellets, only seeds were iden-
tified, and only very small or hard coated seeds—as 
predicted by previous studies (Valamoti and Charles 
2005; Spengler et  al. 2013; Wallace and Charles 
2013). In the sediments, we found all parts of cul-
tivated cereal plants, grape skins and pedicels, len-
til pods, pomegranate rinds, as well as wild species’ 
flowers, perianths, receptacles, pods, stem segments, 
and leaves (ESM Table 1). In quantitative terms, of 
identified macroremains, seeds comprise 100% of the 
identified plant assemblage in the archaeological pel-
lets, 90% in the modern pellets, and 50–60% in the 
sediment samples (where “seeds” include seed-con-
taining plant parts, e.g. fertile dispersal units, achenes, 
mericarps and endocarps). Much of the difference is 
made up by grass plant parts, including rachis frag-
ments, culm nodes and collars, grass rhizomes, as well 
as unquantified glume, awn, and culm internode frag-
ments (ESM Table 1). No such plant parts were iden-
tifiable in the archaeological pellets, not even split and 
rough-edged ones of the type described by Valamoti 
(2013) in her experimental study. This might be a func-
tion of dung pellet sample size, especially since the 
phytoliths revealed significant presence of grass leaf/
stem and inflorescence. Regardless, the above demon-
strates that seeds found in the sediments were clearly 
not primarily dung-derived.
Table 3  Summary of differences between dung pellet and sediment 
macroremains
Dung pellets Sediments
Species richness Low High
Domestic/wild Wild Wild, weed, domestic
Plant parts Seeds, small or 
hard-coated
Various
Plant life forms Annuals Annuals, shrubs, trees
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 Assessing dung‑derivation of plant remains
A strong consilience of results from the geoarchaeological 
and archaeobotanical analyses precludes the possibility of 
a mostly dung-derived assemblage in samples studied from 
Shivta’s Early Islamic middens. Plant remains originating 
in dung represent only a subset of the plant remains in the 
midden sediments. Interestingly, our results were mixed on 
Charles’ (1998) indicators for dung-derived plant remains. 
No divergence of seasonality was found within the sam-
ples analysed for macroremains (indicator i, above); on 
the contrary, both sample sets displayed full convergence 
in late spring–early summer. Since this season also cor-
responds to the cereal harvest, no case can be made for 
dung-derived weed seeds based on the fruiting season of 
identified plant species from the study contexts.
However, there was presence of strictly wild plant species 
not associated with crop processing (indicator ii). To further 
demonstrate this point (beyond the discussion in Dunseth 
et al. 2019), we categorized all identified species according 
to their prevalence in human and natural environments using 
data adopted from Danin and Fragman-Sapir (2020+): cul-
tivated; obligate synanthrope; mostly synanthropic; equally 
synanthropic and natural; mostly natural; and obligate natu-
ral (Table 1; ESM Table 2). Where identification was nar-
rowed down to two species, we assigned synanthropic labels 
if both species shared the same category. Although the total 
number of species identified in the pellets is low, some inter-
esting observations may be made. “Obligate natural” species 
comprise a relatively greater proportion of the dung pellets 
(8 of 13 and 3 of 6 in the modern and archaeological pellets, 
respectively) than of the sediment samples (15 of 53; ESM 
Table 2, Fig. 2). Although few in number, this is clearly 
the largest category of identified species in the archaeo-
logical pellets, but not so for the sediment samples. This 
suggests that many of the wild species’ seeds found in the 
sediment samples could have derived directly from dung. On 
the other hand, cultivated plant parts not only dominate the 
sediments in terms of volume, but obligate natural species 
are significantly underrepresented. To demonstrate this, we 
compared the percentages of each synanthropic category in 
the archaeological sediments (from a total 53 taxa for which 
this categorization is possible) to those of the modern Negev 
Highlands (887 species) and of the Flora Palaestina region 
in general (2,903 species). The “cultivated” and “obligate 
synanthrope” categories were combined since Danin and 
Fragman-Sapir (2020+) do not distinguish between them 
(ESM Table 3). Whereas the obligate natural species com-
prise 67% and 71% of the modern Negev Highlands and 
Fig. 2  Species per synanthropic group by context
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Flora Palaestina region vegetation, respectively, they com-
prise only 28% in the archaeological sediment (Fig. 2). This 
further strengthens the observation that the plant assemblage 
in the sediment samples reflects primary human-plant inter-
action (e.g. crop processing and consumption) rather than 
secondary human-plant interaction (e.g. livestock rearing).
These finds also support the idea that plant remains indic-
ative of ecotopes favoured by livestock can be used as an 
indicator for dung (Spengler et al. 2013; Bruno and Hastorf 
2016). However, identifying specific indicative species is 
both challenging and necessary. For instance, sedges (Cyper-
aceae)—indicated by phytoliths in most of the study sam-
ples and by pollen in one sample—are sometimes errone-
ously assumed to indicate wet environments. Five species of 
Cyperaceae are found today in the Negev Highlands (Danin 
and Fragman-Sapir 2020+); they inhabit humid habitats 
(Cyperus laevigatus L. and C. distachyos All.), disturbed 
habitats (C. rotundus L.), sand dunes (C. macrorrhizus Nees) 
and, most commonly in the region, desert habitats (Carex 
pachystylis J.Gay). Except for Cyperus rotundus, which is 
very rare in the Negev, all the above are obligate natural 
species. Unlike the closely related Cyperus papyrus L., 
the Negev sedges are generally too small to be useful for 
paper-making or other economic activities, apart from C. 
distachyos. Hence, sedges are a likely dung-derived compo-
nent of Negev assemblages which can be ecotypic specific, 
but only if identified to species. It is also important to note 
that any of the above habitats may be used for grazing.
Regarding the related issue of plant palatability to her-
bivores, one of the more surprising finds in this study was 
a fertile Stipa capensis dispersal unit in one of the modern 
dung pellets (Dunseth et al. 2019, their Fig. 4). A similar 
find was a focus of the debate between Miller (1996, 1997) 
and Hillman et al. (1997) who argued that ripe Stipa grains 
found at Abu Hureyra were one indication that the assem-
blage could not have originated in dung. These are sharp 
and dangerous to the ruminant digestive tract, and there-
fore avoided by herbivores and their keepers (Hillman et al. 
1997). Seligman et al. (1959, p. 156) noted that avoidance 
of Stipa capensis in sheep is seasonal: it is eaten either 
during winter, before ripening, or during late spring–early 
summer, following seed dispersal. Since the assemblage in 
question was also identified to late spring–early summer, 
the S. capensis dispersal unit may have been inadvertently 
ingested among mostly post-dispersal plants. In addition, 
it is possible that Stipa spp. avoidance is specific to sheep, 
with hardier goats being less selective. In any case, the S. 
capensis find, recovered from inside a modern dung pellet, 
challenges the argument that Stipa grains may be used as an 
indicator of strictly human waste.
Finally, in terms of chaff:grain ratios (Charles 1998, 
indicator iii), the numbers of rachis segments to grains are 
189:89 and 216:135 in the two sediment samples which were 
the focus of the macroremains analysis (Loci 162 and 501, 
respectively). Significantly, in Locus 501 the wheat grains 
are all exceedingly small, suggesting that they represent 
tail grains, i.e. waste products of crop processing (Hill-
man 1984). Hence the ratio 216:135 in this case underesti-
mates the relative proportion of crop processing by-product 
to product in this sample. Yet even without correcting for 
tail grains, both ratios reflect a higher proportion of chaff. 
For unprocessed cereal ears, we would expect the ratio of 
rachis segments to grains to be less than 1:2, reflecting 
“on the stalk” ratios for the main identified cereal types. 
In Locus 501 this is the case for barley, suggesting that the 
plant remains there comprise a mix of barley fodder and 
wheat processing waste (ESM Table 1). Textual sources 
from Roman Palestine indicate that wheat was preferred for 
human consumption, and barley considered animal fodder 
(Safrai 1994, pp. 108–109). However, the extent to which 
this distinction between wheat and barley is reflected at 
Shivta specifically and in the Negev generally, is a question 
for further research.
Although not a single cereal grain or rachis fragment was 
found in any of the dissected dung pellets, including the 
modern ones, a small proportion of identified rachis seg-
ments from the archaeological sediments were covered in 
a fibrous matrix characteristic of dung. Hence, although 
no rachis segments were evident in the archaeological pel-
lets (cf. Valamoti 2013), the above finds support the use of 
foddering indicated by the phytolith assemblage discussed 
above. Yet their rarity supports the conclusion that the 
dung-derived plant remains in the middens comprise only 
a small proportion of the overall plant assemblage. In sam-
ples from Shivta’s Umayyad middens, a few intact barley 
grains, Malva sp. seeds, and others were found embedded 
in dung fragments (Figs. 3, 4). Regarding the intact bar-
ley grains in dung, it is possible that these derived from 
equids or camelids, since there is some archaeozoological 
evidence for these animals in Early Islamic Shivta (Marom 
et al. 2019), and equid/camelid digestion is more conducive 
to grain preservation (Anderson and Ertug-Yaras 1998; Has-
torf and Wright 1998; Tsartsidou et al. 2008). In any case, 
these are the exceptions that prove the rule, that most of 
the plant remains from the Shivta midden samples are not 
directly dung-derived. 
Dung‑derived vs. dung‑related
In assessing the archaeobotanical evidence from dung pellets 
and associated sediments, it is important to consider her-
bivore-related contributions to the assemblage that did not 
pass through the herbivore gut. One example is the uneaten 
fodder found in every animal pen, which is commonly mixed 
with dung for kindling (Anderson and Ertug-Yaras 1998). In 
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addition, exozoochory as well as endozoochory should be 
considered a vector for plant depositions. For instance, the 
sharp and delicate Bassia muricata (L.) Asch. perianth found 
in one of our sediment samples (Locus 162) is unlikely to 
have passed through an animal’s gut intact but could have 
been transported to the site on livestock fur. The distinction 
between dung-derived and dung-related is valuable in ana-
lysing archaeobotanical assemblages.
The criteria laid out by Miller and Smart (1984), strongly 
suggested that the Early Islamic middens of Shivta were 
dung-related, justifying a detailed study of the plant remains’ 
source. This was first carried out utilizing geoarchaeological 
methods for characterizing deposits to infer their origin. In 
this case, while dung was clearly a significant component 
of the deposits, they were not primarily dung-derived. This 
conclusion was independently reached by analysis of the 
macrobotanical remains, presented above in terms of the 
criteria offered by Charles (1998) and other archaeobotanists 
(Valamoti and Charles 2005; Spengler et al. 2013; Vala-
moti 2013; Wallace and Charles 2013). The Early Islamic 
Shivta dumps appear to represent a mix of crop processing 
waste, including kitchen spillage, household waste, as well 
as fodder droppings and charred and uncharred dung. This 
supports the argument by Fuller et al. (2014) that although 
dung used as fuel may contribute plant remains to archaeo-
botanical assemblages, archaeobotanical assemblages gen-
erally reflect human plant food processing. This also raises 
some theoretical questions. What is at stake in the distinction 
between “dung-related” and “dung-derived” archaeobotani-
cal remains? In the case of Abu Hureyra, where identifica-
tion of early human cultivation was potentially jeopardized 
by wild gazelle dung (Hillman et al. 1997; Miller 1997), 
even “dung-related” may be significant. In our case—as is 
probably the case with most post-Neolithic dung-related 
assemblages in Eurasia—we are dealing with high levels 
of symbiotic interdependence between humans and their 
flocks. Indeed, many farming communities have flexible 
boundaries between food and fodder, and distinguishing the 
two in the archaeobotanical record can be very challenging 
(Miller 1984b; Jones 1998; Valamoti et al. 2011). If we wish 
to reconstruct the types of plants cultivated in an ancient 
farming community, it may not matter much whether some 
grains reached our lab because they dropped from the cook’s 
hand and others from the goat’s mouth (or gut). On the other 
hand, if we would like to understand how specific crops and 
landscapes were used by ancient peoples, assessing dung-
derivation is an important step.
Beyond the dung debate
The contents of dung pellets in Shivta’s dumps reflect the 
complexity of the dung debate in archaeobotany. On one 
hand, they provide an important archaeological example for 
Fig. 3  Barley (Hordeum vulgare) grains embedded in dung fragments 
from Early Islamic middens in Shivta (Area K1, Locus 165, Basket 
1673, top, and Area E, Locus 503, Basket 5016, bottom). Such clearly 
dung-derived plant remains are the exceptions that prove the rule; 
scale bar = 2 mm
Fig. 4  Malva sp. seeds embedded in two dung fragments. Such finds 
are exceptional in the middens; scale bar = 1 mm
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assessing dung-derived plant remains. At the same time, 
these finds demonstrate that dung-related assemblages in the 
sense of burned refuse which contains dung, is not the same 
thing as primarily dung-derived; the former will not neces-
sarily reflect herbivore diet and activity in the same way as 
the latter. In our case, the middens’ contents represented the 
range of items cultivated and consumed on site. Untangling 
the uses and depositional pathways of each remains a chal-
lenge, to which the various methodologies described above 
can contribute.
Addressing that challenge, the most exciting findings 
from our study of Shivta dung pellets and associated sedi-
ments concern the reconstruction of herding practices. 
Based on the multi-proxy study of plant remains we can say 
with confidence that the dung pellets studied were produced 
in April–June, after local grazing and some supplementary 
foddering. Our ability to pinpoint the season and grazing 
range within which those ancient dung pellets were produced 
is due to high taxonomic resolution of seed and dispersal 
unit identification. This study also attests to the power of 
the multi-proxy method because without the phytoliths, for 
instance, we would have incorrectly concluded that there is 
no evidence for foddering. The phytoliths not only proved 
there was foddering, but that it included cereal by-prod-
ucts. Meanwhile, pollen may complement macrobotanical 
remains in reconstructing seasonality and in comparing plant 
taxa found in dung with those in sediments.
The most important insight from this study concerns the 
value of information contained within ancient herbivore 
dung (also Charles 1998; Baeten et al. 2018). Each of these 
dung pellets was produced and deposited in a very specific 
moment in time, to which we can go back and reconstruct 
the processes that went into the pellets’ formation. We 
should be thinking about dung as a time capsule of pasto-
ral activity, a spatio-temporal unit of analysis, and a unique 
type of archaeological context with enormous potential. We 
can tap this potential by using multi-proxy archaeobotany 
applied to dung pellets to reconstruct agropastoral activity, 
seasonal rhythms of daily life, site formation processes, and 
to assist chronological fine-tuning.
For future research
The search continues for ever-improved methods of iden-
tifying herbivore dung in archaeological sites (MapDung 
2020). However, we believe that the real future of archaeo-
logical dung research lies in the contents of preserved pel-
lets. Although intact dung pellets are much rarer in the 
archaeological record than sediments containing dung resi-
dues, they have been found at numerous Middle Eastern and 
North African sites (Charles 1998; di Lernia 2001; Rosen 
et al. 2005; Marinova et al. 2011, 2013; Linseele et al. 2013; 
Pelling 2013; Baeten et al. 2018; Rotunno et al. 2019; Dalton 
and Ryan 2020; Landau et al. 2020), among other regions 
(Spaulding 1974; Karg 1998; Ghosh et al. 2008; Kühn et al. 
2013 and references therein; Spengler 2019). We hope that 
our collaborative multi-proxy study on dung pellets from the 
Shivta middens (Dunseth et al. 2019) sets a certain baseline 
for the study of intact dung pellets. However, the potential 
for reconstructing vegetation and landscape histories from 
herbivore dung has hardly been realized. Experiments by 
Schepers and van Haaster (2015) demonstrate that presence/
absence of seed categories in sheep/goat and cow dung is 
representative of plant community in modern grazed fields. 
Hence, botanical contents of archaeological dung can be 
an excellent source for vegetation reconstruction, at least 
in grazed rangelands and herd-preferred ecotypes, provided 
enough dung is analysed. To capitalize on this possibility, 
future research should focus on improving multi-proxy iden-
tification of dung pellets’ botanical content, identifying the 
pellets’ creators, producing modern reference comparisons, 
and expanding databases of dung pellet contents.
One way of maximizing information obtained from dung 
pellets will be to expand the types of proxy data retrieved for 
plant identification. Regarding animal diet, genome sequenc-
ing of faeces has proved useful for identifying domestic and 
wild taxa whose genomes have been sequenced (Poinar et al. 
1998, 2001; Hofreiter et al. 2000). In our study of Early 
Islamic Shivta (Dunseth et al. 2019), phytoliths provided 
evidence for cereal foddering, which was neither picked 
up by pollen nor seed identifications. It will be illuminat-
ing to compare DNA evidence for cereals as an additional 
indicator, which may also enable identification of specific 
cereal species used for foddering. Meanwhile, genetic meta-
barcoding might be used to reveal bulk species composi-
tion (Taberlet et al. 2012). Plant identifications from DNA 
should complement those from seeds, pollen and phytoliths, 
enhancing the precision and accuracy of dietary and environ-
mental information (van Geel et al. 2011, 2014; Gravendeel 
et al. 2014). Lipids, including lignin-phenols, triterpenoids 
and sterols, are also good markers of vegetation, especially if 
combined with reference samples from the sediment where 
these dung pellets were found (A. Sistiaga Gutiérrez, pers. 
comm.). Plant cuticular n-alkane concentration patterns and 
distribution may be used as biosignatures for intensity of 
animal corralling, duration of dung deposition, and plant diet 
origin within dung (Égüez and Makarewicz 2018). Since the 
individual dung pellet is an ideal unit of analysis, one future 
challenge will involve maximizing the types of proxy data 
retrieved from a single pellet; another will involve efficient 
screening for preservation of contents.
Making the most of ancient dung pellets involves not 
only improved identification of botanical contents but also 
of their creators, including the animal’s species and sex. 
Precise species identification should be possible through 
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DNA analysis. In some instances this will be enhanced 
by the presence of hairs (such as those indicative of local 
black goat in the Negev) associated with the dung assem-
blage and often inside pellets, which can be identified 
morphologically and sequenced. A combination of DNA 
and lipid analysis may be used for sex identification, such 
as shotgun analysis of sex chromosome genome segments 
and relative quantities of testosterone (Koren et al. 2018).
Another key methodological component of both past 
and future dung vegetation studies is production of, and 
comparison to, modern reference data, including recently 
produced dung pellets and ecological surveys. The analysis 
of grazed vegetation data will benefit from incorporation 
of site-specific surveys and weed ecology studies (Jones 
1987; Charles et al. 1997; Palmer 1998; Bogaard et al. 
1999; Hodgson et al. 1999; Jones et al. 2010). One impor-
tant variable in these studies is seasonality. Direct indica-
tors of both flowering and fruiting, through extraction of 
both pollen and seeds from the same pellet (preserved by 
desiccation, waterlogging or freezing), should yield highly 
specific seasonal identifications. Against these, δ13C and 
δ15N isotopic ratios and grass lignin structure should also 
be explored as proxies of seasonality (Zazzo et al. 2015; 
Landau et al. 2020).
The creation of micro-regional reference collections for 
analysing the above types of data is essential for fine-tun-
ing the interpretation of vegetation proxies. For instance, 
in our study of Shivta dung pellets (Dunseth et al. 2019), 
we used the local botanical literature on flowering seasons 
to estimate fruiting season. However, the botanical litera-
ture spans a geographical area with regional variation; 
micro-regional data collected over several years could 
further refine seasonal identifications.
If enough pellets are studied from a variety of samples 
and contexts at a site or region using the above approach, it 
should be possible to accurately reconstruct ancient land-
scapes, grazing patterns, and animal dietary preferences. 
For instance, once sufficient seasonality data is collected 
from dung pellets at a site, seasonal grazing patterns may 
emerge. Meanwhile, in cases of short but steady deposi-
tion over several years, a stratigraphic seasonal sequence 
could help fine tune chronology. Ultimately, unpacking 
the contents of ancient dung pellets will inform on the 
physical characteristics, diet, niche, and disease agents of 
the ancient pellets’ producers. Expanded datasets of such 
dung-derived information will contribute significantly to 
the study of ecosystem transformation as well as the long-
term development of agriculture and pastoralism.
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